Human cytomegalovirus (HCMV) lytic gene expression occurs in a regulated cascade, initiated by expression of the viral major immediate-early (IE) proteins. Transcribed from the major IE promoter (MIEP), the major IE genes regulate viral early and late gene expression. This study found that a substantial proportion of infecting viral genomes became associated with histones immediately upon infection of permissive fibroblasts at low m.o.i. and these histones bore markers of repressed chromatin. As infection progressed, however, the viral MIEP became associated with histone marks, which correlate with the known transcriptional activity of the MIEP at IE time points. Interestingly, this chromatin-mediated repression of the MIEP at 'pre-IE' times of infection could be overcome by inhibition of histone deacetylases, as well as by infection at high m.o.i., and resulted in a temporal advance of the infection cycle by inducing premature viral early and late gene expression and DNA replication. As well as the MIEP, and consistent with previous observations, the viral early and late promoters were also initially associated with repressive chromatin. However, changes in histone modifications around these promoters also occurred as infection progressed, and this correlated with the known temporal regulation of the viral early and late gene expression cascade. These data argue that the chromatin structure of all classes of viral genes are initially repressed on infection of permissive cells and that the chromatin structure of HCMV gene promoters plays an important role in regulating the time course of viral gene expression during lytic infection.
INTRODUCTION
Human cytomegalovirus (HCMV) productively infects numerous cell types in the human host (Fish et al., 1998; Hertel et al., 2003; Lathey & Spector, 1991; Riegler et al., 2000; Sinzger et al., 1995) , as well as establishing a latent infection in bone marrow myeloid progenitor cells (Kondo et al., 1994; Mendelson et al., 1996; Sindre et al., 1996) . Whether the outcome of infection is lytic or latent is dependent on whether robust viral immediate-early (IE) gene expression occurs, producing viral gene products crucial for the subsequent expression of early and late genes (Meier & Stinski, 1996; Spector, 1996; Wathen & Stinski, 1982) . A number of studies have informed the general consensus that, in undifferentiated cell types, such as undifferentiated myeloid cells, transcription from the major IE promoter (MIEP) is repressed by differentiation-dependent transcriptional repressors and co-repressors, which impart on the MIEP an overall repressive chromatin structure. In contrast, differentiation of myeloid cells alters the balance of MIEP-specific repressors and activators, resulting in a chromatin structure around the MIEP conducive to transcription (Dosa et al., 2005; Ioudinkova et al., 2006; Murphy et al., 2002) . These differentiation-dependent changes in the post-translational modifications of the histones around the MIEP are likely to be involved in the control of latency and reactivation of HCMV in both experimental and natural models of latent infection (Reeves et al., 2005a, b) .
Whether such changes in chromatinization of the MIEP play any role during productive infection of normally permissive cells is only just beginning to be addressed. A recent study has suggested that initially, upon infection, viral IE promoters become associated with an active chromatin configuration, whereas early and late promoters become associated with repressive chromatin and, as infection proceeds, dynamic changes in the chromatin structure of these early and late gene promoters occurs (Cuevas-Bennett & Shenk, 2008) . However, evidence from studies using murine CMV (MCMV) have shown that addition of the histone deacetylase (HDAC) inhibitor trichostatin A (TSA) to permissive cells increases the levels of murine IE1 gene expression (Tang & Maul, 2003) and, tellingly, others have shown that treatment of human fibroblast or epithelial cells with the pan-specific HDAC inhibitor valproic acid also increases viral IE late gene expression (Kuntz-Simon & Obert, 1995; Michaelis et al., 2005) .
One of the earliest events post-infection is the deposition of HCMV genomes at nuclear domain 10 (ND10) bodies (Ishov & Maul, 1996; Maul, 1998) , nuclear structures that act as an intrinsic antiviral environment for herpesvirus gene expression (Everett & Chelbi-Alix, 2007) . At least two major constituents of ND10 bodies, hDaxx and PML, have been shown to interact with chromatin-remodelling enzyme activities, e.g. HDACs (Hollenbach et al., 2002; Li & Chen, 2000; Wu et al., 2001) , suggesting that HDACs are likely to be recruited to ND10 bodies by these proteins. Consequently, it has been suggested that TSA-induced increases in MCMV IE gene expression involve HDAC inhibition (Tang & Maul, 2003) . Pertinently, more recent studies using HCMV have shown directly that hDaxx and PML, as well as the hDaxxassociated protein ATRX, are able to repress HCMV MIEP activity and IE gene expression during lytic infection. Similarly, downregulation of hDaxx, PML or ATRX, as well as treatment of cells with TSA, appears to relieve this repression (Cantrell & Bresnahan, 2006; Lukashchuk et al., 2008; Preston & Nicholl, 2006; Saffert & Kalejta, 2006; Tavalai et al., 2006 Tavalai et al., , 2008 Woodhall et al., 2006) . In the case of hDaxx, this has been correlated with a loss of repressive chromatin at the MIEP (Woodhall et al., 2006) . These observations suggest that an initial cell-mediated intrinsic repression of the MIEP occurs prior to de novo viral gene expression (at pre-IE times), which HCMV needs to overcome for lytic infection. We have shown here that, immediately following infection at low m.o.i., a significant proportion of viral MIEPs were subjected to repressive chromatinization, which profoundly affected major IE gene expression and the infection cycle. However, this intrinsic repression could be overcome by high m.o.i. We also showed that the addition of HDAC inhibitors to cells resulted in hyperacetylation of histones bound to the MIEP, which increased viral major IE gene expression and advanced the infection cycle.
Overall, these data suggest that an immediate response of the cell to incoming HCMV genomes appears to be an attempt to repress viral IE gene expression by imparting on the viral genome a chromatin structure that essentially suppresses the viral MIEP, resulting in repression of the key viral genes required to drive lytic infection.
METHODS
Virus, cell lines and culture. The low-passage laboratory HCMV strain Toledo was purified from infected fibroblasts on sorbitol gradients as described previously (Compton, 2000) . Human fetal foreskin fibroblasts were maintained in minimal essential medium (Gibco-BRL) containing 10 % fetal calf serum, penicillin (100 U ml 21 ) and streptomycin (100 mg ml 21 ). Where indicated, fibroblasts were treated with TSA (330 nM; Upstate) or DMSO 16 h prior to infection. For the inhibition of viral DNA synthesis, cells were treated with 0.1 mg phosphonoformic acid (PFA) ml 21 for 24 h. For UV inactivation, virus was treated as described previously (Saffert & Kalejta, 2006) .
Chromatin immunoprecipitation (ChIP) assay. ChIP assays were carried out as described previously (Reeves et al., 2005a) . Immunoprecipitations were carried out with a 1 : 200 dilution of the appropriate antibodies: control serum (Sigma), anti-acetyl histone H4 (Upstate), anti-dimethylated (K4) histone H3 (Upstate), antidimethylated (K9) histone H3 (Upstate), anti-HP1b (Serotec), antihistone H3 (Upstate) or anti-RNA polymerase II phosphoserine 5 (Abcam) antibodies.
Semi-quantitative and quantitative PCR. ChIP samples were analysed by semi-quantitative or quantitative real-time PCR (qPCR). For semi-quantitative analysis, the MIEP was amplified with sense primer 59-TGGGACTTTCCTACTTGG-39 and antisense primer 59-CCAGGCGATCTGACGGTT-39 complementary to positions -272 and +13 relative to the MIEP start site. PCR products were detected using an MIEP-specific [ 32 P]-radiolabelled probe (Amersham) generated by PCR of HCMV DNA using sense primer 59-ATTACCATGGTGATGCGGTT-39 and antisense primer 59-GGCGGAGTTGTTACGACAT-39. The cycle parameters for the MIEP PCR were 20-30 cycles of 94 uC for 40 s, 50 uC for 40 s and 72 uC for 90 s. Relative amplification was then analysed using Image J software (NIH). MIEP-specific qPCR was carried out as described previously (Groves & Sinclair, 2007) . The MIEP was amplified with sense primer 59-CCAAGTCTCCACCCCATTGAC-39 and antisense primer 59-GACATTTTGGAAAGTCCCGTTG-39 complementary to positions 2157 and 286 relative to the MIEP start site and using a TaqMan probe (FAM-59-TGGGAGTTTGTTTTGGCACCAAA-39-TMR). Quantitative amplification of the UL44 promoter was performed with SYBR Green (Qiagen) using sense primer 59-AACCTGAGCGTGTTTGTG-39 and antisense primer 59-CGTGCAAGTCTCGACTAAG-39 complementary to positions 227 to +248 relative to the transcriptional start site (Nevels et al., 2004) . Quantitative amplification of the pp28 promoter was performed with SYBR Green using sense primer 59-TGTTGCAGTCACACCCGG-TGC-39 and antisense primer 59-TTAGCGTGGCCCTGAAGAGC-39 complementary to positions 2290 to 2180 relative to the transcriptional start site. Amplification of the cellular c-globin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoters has been described previously (Coleman et al., 2008) . A standard curve for each qPCR assay was generated using dilutions of plasmid carrying the appropriate cloned promoter. 
RESULTS

TSA increases the permissiveness of fibroblasts for lytic infection and virus replication
Addition of TSA to U373 cells overexpressing the MIEP repressor hDaxx renders them permissive for HCMV (Woodhall et al., 2006) . Similarly, in cells in which hDaxx protein has been stabilized by lactacystin, TSA promotes de-repression of MIEP-driven transcription (Saffert & Kalejta, 2006) . Consequently, we analysed the effect of TSA on the infection of fully permissive fibroblasts with HCMV. Importantly, this analysis was performed at various m.o.i.s due to the well-established observation that many mutations in viral genes that result in defects in IE gene expression are only apparent at low m.o.i. For instance, deletion mutants of IE72 and pp71 appear to be profoundly crippled at low m.o.i., but show few deleterious effects at high m.o.i. (Bresnahan & Shenk, 2000; Greaves & Mocarski, 1998) . It is also well established that efficient major IE expression is dependent on cell cycle -cells in S phase appear to be unable to drive major IE transcription (Fortunato et al., 2002; Wiebusch et al., 2003) . Thus, we reasoned that analysis of the chromatin-mediated regulation of major IE expression would be more robust in synchronized cells. Therefore, all analyses were carried out in cells synchronized in G 0 /G 1 by serum deprivation prior to infection.
Incubation of fibroblasts with TSA prior to infection (m.o.i. of 0.1) resulted in 16 % of cells expressing major IE proteins compared with only 8 % in DMSO-treated cells (Fig. 1a, b) , suggesting that TSA renders fibroblasts more permissive for infection with HCMV. This effect of TSA on virus infection was even more pronounced when lower m.o.i.s (0.01 and 0.05) were used, resulting in an approximate 4-to 5-fold increase in infection (Fig. 1c ), although such effects were still apparent at an m.o.i. of 0.5. Furthermore, we observed similar results using both clinical (TB40/E) and laboratory (Towne) strains of HCMV and thus our observations did not appear to be strain specific (data not shown).
Overall, these data suggested that TSA renders fibroblasts more permissive for IE gene expression. The effect was more pronounced at low m.o.i., which also suggests that TSA substitutes for an event that occurs routinely at high m.o.i. One potential mechanism to explain this is that, at high m.o.i., co-delivery of non-infectious particles (and thus tegument proteins such as pp71) more effectively targets ND10 and titrates out the cellular intrinsic repressors of the MIEP. Consistent with this, Fig IE gene expression is essential for the early and late gene transcription required for DNA replication and assembly of mature virions. Consequently, we asked whether DNA replication occurred earlier in cells in which viral IE gene expression had been promoted by TSA. We infected fibroblasts (m.o.i. 0.5) in the presence or absence of TSA and quantified viral DNA from 6 to 96 h p.i. by semiquantitative PCR. These data confirmed that equivalent numbers of viral genomes were present in the TSA-and mock-treated cells at 6 h p.i. (Fig. 2a) . However, as the virus life cycle proceeded, increasing amounts of viral DNA could be detected in the TSA-treated cells compared with the DMSO-treated cells (Fig. 2a) , suggesting that viral replication was occurring more efficiently or earlier in TSA-treated cells, although similar results might also be observed if more cells were capable of initiating IE gene expression. We also asked whether TSA affected the expression of viral IE, early and late genes (Fig. 2b) . With TSA treatment, we observed elevated IE72 expression throughout infection and premature early (UL44) and late (pp28 encoded by UL99) gene expression (Depto & Stenberg, 1992) , suggesting that aspects of the viral life cycle are condensed following TSA treatment. Furthermore, a 10-fold increase in virus output from TSA-treated cells was observed by 7 days compared with control fibroblasts (Fig. 2c) . Interestingly, premature viral gene expression did not promote earlier release of progeny virus in TSA-treated cells, perhaps suggesting that these cells still have a rate-limiting step for virus release. Nevertheless, the presence of TSA augmented HCMV replication and progeny production, especially at low m.o.i.
Prior treatment of cells with TSA alters the pattern of chromatinization of the MIEP upon infection
TSA promotes histone hyperacetylation. Thus, we hypothesized that the increased viral gene expression and replication promoted by TSA at low m.o.i. was due to regulation of the MIEP at the level of histone modification.
Consequently, we analysed the initial chromatin structure of the MIEP in the presence or absence of TSA upon infection at low m.o.i. At 3 h p.i., the MIEPs in DMSOtreated cells were associated predominantly with methylated histones (Fig. 3a , lane 2) and HP1b (Fig. 3a, lane 3) , both markers of transcriptional repression. In contrast, hyperacetylation of histones bound to the MIEP was observed in fibroblasts treated with TSA during infection (Fig. 3a , lane 4) and this was concomitant with a major decrease in association of the MIEP with methylated histones (Fig. 3a , lane 5) and HP1b (Fig. 3a, Fig. 4a (ii)] promoters were predominantly associated with histone markers of transcriptional repression, consistent with their known lack of transcriptional activity at this time during infection. As infection progressed, however, the promoters became associated with histone marks of transcriptional activation, namely acetylated histones: the UL44 promoter at 24 h [ Fig. 4b(i) ] and then the pp28 promoter at 96 h [ Fig. 4b (ii)] -entirely consistent with their known expression kinetics.
To preclude the possibility of non-specific differences in the ability to immunoprecipitate chromatin or to amplify DNA samples being responsible for these observations, we included qPCR analysis of well-characterized active (GAPDH) or repressed (human c-globin gene) cellular promoters in fibroblasts, as detailed previously (Reeves et al., 2005b) . In all cases, the GAPDH promoter was almost exclusively associated with acetylated histones, as expected for a constitutively active promoter, and the human c-globin promoter was associated predominantly with methylated histones (Fig. 4a, b) . We next asked whether the changes in histone modifications that we observed on the MIEP were dependent or independent of viral replication. ChIP analyses performed on synchronously infected fibroblasts pre-treated with PFA at 24 and 96 h p.i. showed that the pattern of the histone marks at and 96 h (lanes 4-6) p.i. Immunoprecipitation was performed as described above. The DNA bound to histones was isolated and amplified using MIEP-specific qPCR with subtraction of the serum-control background. The data are representative of three independent experiments and are given as means±1 SD for triplicate PCRs.
24 h p.i. (Fig. 5a , lanes 1-3) and 96 h p.i. (Fig. 5a , lanes 4-6) in PFA-treated cells was effectively the same as in untreated cells (Fig. 3b , lanes 1-3 and lanes 4-6, respectively). Inhibition of viral DNA replication (Fig.  5b ) had no effect on chromatin association on the GAPDH and c-globin promoters, again ensuring immunoprecipitation of all modified histones analysed (data not shown). These data are also entirely consistent with the model that repression of the MIEP at late times of infection involves histone modification by a viral IE protein (presumably IE86), irrespective of viral DNA replication.
The viral genome is not associated with histones within the virion
The ChIP analyses, so far, suggested that, following infection, a proportion of the incoming viral genomes rapidly become targets for chromatinization. However, we needed to preclude the possibility that the viral genome is delivered to the cell already chromatinized. Fig. 6 shows that, in three viral particle preparations, no histone H3 proteins could be detected (Fig. 6a, lanes 1-3) . In contrast, histone H3 could be detected in total protein samples isolated from strain Toledo-infected fibroblasts (Fig. 6a , lane 4). Also, these virus preparations contained abundant virus particles and were infectious on the basis of pp28 detection (Fig. 6a, lanes 1-3) and detection of IE gene expression upon fibroblast infection (Fig. 6b) , respectively.
A substantial proportion of HCMV genomes are chromatinized throughout productive infection
Crucial to the interpretation of this and other studies on the role of chromatin regulation of viral gene expression is the extent of chromatinization of viral genomes pre-and post-replication. Consequently, we quantified the proportion of viral genomes chromatinized pre-and post-viral DNA replication using ChIP analyses with a pan-histone H3 antibody targeting the MIEP and GAPDH promoters as described in Figs 3 and 4 . In addition, we analysed the relative number of viral genomes that were transcriptionally active using immunoprecipitation with an antibody to the phosphoserine 5 isoform of RNA polymerase II, which is specific for transcriptional elongation (Morris et al., DNA was amplified using qPCR specific for the UL44 promoter (i), pp28 promoter (ii), GAPDH promoter (iii) or c-globin promoter (iv) and quantified relative to the input DNA with subtraction of the serum-control background. The data are representative of three independent experiments and are given as means±1 SD for triplicate PCRs.
2005). MIEP qPCR values were normalized against ChIPs of the same samples for the constitutively active GAPDH promoter. We performed our analysis at 8 h p.i. when it would be predicted that major IE gene expression should be initiating efficiently, even at low m.o.i. Table 1 shows that, at 8 h p.i., 19.8 % of infecting viral genomes were associated with histone H3 compared with 10.8 % of viral genomes at 72 h p.i. In the context of the amount of viral replication that occurs (see Fig. 5b ), these data suggested that replicated viral genomes must also be targets for chromatinization. Interestingly, at 8 h p.i., only 10.5 % of infecting genomes were associated with active RNA polymerase II, suggesting that only a minor proportion of incoming viral genomes are actively transcribing from the MIEP at this IE time of infection. At 72 h p.i., this proportion decreased substantially to 0.2 %, consistent with the potent autorepression of IE transcription at late times of infection (Cuevas-Bennett & Shenk, 2008; Reeves et al., 2006) . Therefore, these data showed that a substantial proportion of HCMV genomes are associated with histones both before and after viral DNA replication, and that a large proportion of incoming viral genomes appear to be transcriptionally inactive.
Histone H3 lysine 4 dimethylation acts as a robust marker for transcriptional expression at IE and E HCMV promoters during lytic infection
So far, our data showed that actively transcribing viral promoters, in general, appeared to be associated with acetylated histone H4, whereas transcriptionally repressed promoters appeared to be associated with methylated histones and HP1b. However, during the course of this work, other chromatin modifications were also shown to robustly define chromatin structure associated with active transcription rather than capability of transcription: dimethylation of lysine 4 (K4) on histone H3 (H3K4me2) acts as a marker of active promoters and transcriptional elongation in mammals (Schneider et al., 2004) . Consequently, we carried out ChIPs on fibroblasts infected at low m.o.i. with an H3K4me2-specific antibody and then used qPCR analysis of the viral promoters previously analysed in Fig. 3 . At 3 h p.i., an association of H3K4me2 with the MIEP was detected (Fig. 7a) . This association was dynamic as the abundance of H3K4me2 modification at the MIEP increased up to 24 h p.i. and then decreased through early/late time points. In contrast, the association of H3K4me2 with the early UL44 promoter was only slightly detectable at 24 h p.i. but steadily increased up to 48-96 h p.i. (Fig. 7b) . Association of promoters with the marker of transcriptional activation, H3K4me2, therefore appeared to correlate well with the known transcriptional activity of different temporal classes of HCMV genes.
DISCUSSION
Recently, it has been shown that dynamic changes in the post-translational modifications of histones associated with HCMV major IE, early and late promoters are involved in regulation of viral gene expression during productive infection: in this study, viral IE promoters became associated with an active chromatin configuration immediately upon infection (Cuevas-Bennett & Shenk, 2008) . However, much data suggests that viral lytic gene expression may be repressed initially upon infection, which becomes particularly evident in studies at lower m.o.i. For instance, histone deacetylase inhibition increases the efficiency of both MCMV and HCMV infection (KuntzSimon & Obert, 1995; Michaelis et al., 2005; Tang & Maul, 2003) . Similarly, others have shown that cellular factors associated with ND10, e.g. PML, hDaxx and ATRX, also repress HCMV major IE gene expression and, at least in the case of hDaxx, this involves post-translational modifications of histones around the viral MIEP (Cantrell & Bresnahan, 2006; Lukashchuk et al., 2008; Preston & Nicholl, 2006; Saffert & Kalejta, 2006; Tavalai et al., 2006 Tavalai et al., , 2008 Woodhall et al., 2006) . Therefore, we wanted to reconcile these observations.
As it is well established that a number of mutations in viral genes involved in IE gene expression are overcome by either input viral genomes or viral structural proteins (Bresnahan & Shenk, 2000; Greaves & Mocarski, 1998) , we analysed the effects of m.o.i. on the ability of TSA to affect virus infection. At low m.o.i., TSA clearly resulted in an increase in the number of cells positive for major IE proteins at 24 h p.i., suggesting that HDAC inhibition mediates increased efficiency of major IE expression, probably resulting from changes in the chromatin structure of the viral MIEP.
Consistent with this, as early as 3 h p.i., a substantial proportion of MIEPs were associated with histone marks indicative of transcriptional repression. In contrast, cells pre-treated with TSA resulted in the MIEP becoming associated predominantly with histone marks of transcriptional activation. We know that, at least in part, this is likely to be due to the presence of the cellular repressor hDaxx in ND10 bodies (Woodhall et al., 2006) .
Further analysis of the UL44 and pp28 promoter regions suggested that the recruitment of repressive histone marks to the viral genome was not specific to the MIEP. At 3 h p.i., both UL44 and pp28 promoters were also associated with repressed chromatin, which is consistent with the known lack of expression of these promoters at this time point. These observations suggested that the initial response of the host cell to incoming viral DNA is to promote sequestration of the incoming genomes within repressive chromatin (or at least with repressive histone proteins), which ultimately must be overcome by the virus to allow a productive infection to occur.
Consistent with other observations (Nitzsche et al., 2008; Varnum et al., 2004) , this early chromatinization of the viral genome appeared to result from active deposition of histones onto incoming viral genomes and not from histone associations with viral DNA in the virus particle. , serum-starved fibroblasts were analysed by ChIP assays at 3-96 h p.i. using an H3K4me2-specific antibody and serum controls. DNA was amplified by qPCR specific for MIEP (a) or the UL44 promoter (b) with normalization of all samples against a GAPDH promoter-specific qPCR. DNA was then quantified relative to the input DNA with subtraction of the serum-control background. The data are representative of two independent experiments and are given as means±1 SD for triplicate PCRs.
Such nucleosomal assembly is known to occur on incoming DNA of other viruses, such as simian virus 40 (Stillman, 1986; Sugasawa et al., 1990) and thus recruitment of histones to viral DNA may represent an automatic and immediate cellular response to nascent DNA and part of the explanation for the immediate chromatinization of the HCMV genome upon infection.
As the time course of infection progressed, the MIEP lost its association with methylated histones and HP1b observed at 3 h p.i. and became predominantly associated with acetylated histones by 24 h p.i. However, consistent with the known autorepression of the MIEP mediated by IE86 interaction with histone deacetylases and histone methylases (Cuevas-Bennett & Shenk, 2008; Reeves et al., 2006) , a proportion of MIEPs also started to recruit a marker of transcriptional repression (HP1b), which steadily increased to high levels by 96 h p.i.
Similarly, we also observed increased histone acetylation at the UL44 promoter (24 h p.i.) and then increased association of the late pp28 promoter with acetylated histones (96 h p.i.), entirely consistent with the known early and late kinetics of UL44 and pp28 expression, respectively.
Interestingly, at 3 h p.i., before the increases in acetylated histones occurred at the UL44 and pp28 promoter, both of these promoters appeared to be predominantly associated with dimethylated histones (H3K9me2) -a marker consistent with the known lack of expression of early and late genes at this time but also indicative of chromatin structure found within domains of cellular chromosomes in which chromatin appears to be structured as facultative heterochromatin (Trojer & Reinberg, 2007) . This suggests that these promoters are in a chromatin state capable of rapidly becoming transcriptionally active in response to activators such as IE72 and IE86, which themselves have been shown to be likely to mediate early gene activation by suppression of HDAC activity (Nevels et al., 2004; Park et al., 2007) . Our finding that promoters of early and late HCMV genes are dynamically chromatinized during the course of infection is entirely consistent with recent data from Cuevas-Bennett & Shenk (2008) published during the course of our studies. However, their inability to observe an association of the MIEP with histone marks of repressive chromatin at very IE times of infection, which we clearly observed, is probably due to the high m.o.i. used in their studies.
Intriguingly, we did note that the overall level of early and late promoters associated with all types of post-translationally modified histones did reduce slightly at late times of infection [compare Fig. 4b (i) and (ii) at 24 and 96 h p.i. for the UL44 and pp28 promoters, respectively]. One explanation is that newly synthesized viral genomes are not associated with histones and so the proportions of histoneassociated viral genomes are lower at this time point. However, quantification of the total percentage of viral genomes associated with histones at IE and late times of infection suggested that, under our experimental conditions, there was only a 2-fold decrease in genomes associated with histones at late times of infection, even though viral genome copy number had increased by over 30-fold. As viral genomes are not packaged into virions with histones, it would appear that an efficient process of chromatin disassembly must occur before viral DNA is packaged, as has been suggested by Nitzsche et al. (2008) .
We are aware that these types of analyses will give only an indication of mean histone occupancy or histone acetylation state of viral genomes. If the assembly of chromatin on these incoming viral genomes is relatively inefficient, then only a very small proportion of incoming viral genomes might become associated with chromatin, which would be compounded at very high m.o.i. However, we observed that, at an m.o.i. of 0.1, as many as 20 % of the incoming HCMV genomes became associated with histone H3. The possibility that these 20 % of genomes are not the functionally important ones, and it is the other 80 % that are central to viral transcription at IE times of infection, is not supported by the observation that, at 8 h p.i., only approximately 10 % of viral MIEPs were associated with active RNA polymerase II (perhaps suggesting that a substantial number of incoming viral genomes are defective or unable to initiate major IE transcription). Furthermore, the well-reported effects of TSA on viral gene expression and the detection of a bona fide marker of transcriptional activity (H3K4me2) on viral promoters strongly suggest that chromatinized genomes represent at least a proportion of the functionally active genomes upon infection. Consequently, the changes in histone posttranslational modifications that we observed during HCMV lytic infection, at low m.o.i., are likely to occur on a significant and transcriptionally important population of incoming viral genomes.
By late times of infection, the proportion of MIEPs associated with RNA polymerase II was, not surprisingly, much reduced (0.2 %), even though the total proportion of genomes associated with histone H3 was only reduced by around 2-fold, and is consistent with the known IE86-mediated autorepression of major IE transcription at late times of infection.
Our analyses of chromatin markers traditionally used to detect active and repressed promoters showed that all classes of HCMV genes were dynamically associated with different classes of post-translationally modified histones, and this was confirmed by analysis of H3K4me2, known to detect active transcriptional elongation rather than just a capability of a promoter for transcription (Schneider et al., 2004) .
In summary, our data suggest that, following infection of fully permissive fibroblasts, cellular histones are recruited to a substantial proportion of incoming viral genomes. These histones are subsequently the target for chromatinremodelling enzymes, which promote the formation of repressive chromatin. This response is likely to be mediated by proteins present in ND10 structures, where incoming viral genomes are known to localize, and which have been shown to recruit chromatin-modifying enzymes. In this model, a potent repression of viral gene expression occurs, which the virus must overcome, probably initially by the pp71-targeted degradation of ND10-associated hDaxx protein and then by the subsequent IE72-mediated disruption of ND10 (Ahn & Hayward, 1997 , 2000 Cantrell & Bresnahan, 2005; Hofmann et al., 2002; Korioth et al., 1996; Marshall et al., 2002; Wilkinson et al., 1998) . After this, robust major IE gene expression can occur, which then permits the dynamic remodelling of chromatin at early and late promoters, resulting in the characteristic cascade of herpesvirus gene expression.
